Introduction
Linear chromosomes are capped with telomeres to protect their ends from the loss of genetic material during strand replication. Disruptions in the stability of this molecular buffer have been linked to organ failure, aging, and cancer. Privileged compartments, including the germline and somatic stem cells, express the ribonucleoprotein telomerase to maintain telomere length during replicative stress (1, 2) . When this activity is impaired, stem cell populations become depleted, leading to loss of tissue homeostasis (3) . In addition, telomeres must be protected from the DNA damage response that would perceive telomeres as sites of DNA breaks, a function achieved by the shelterin complex. Together, the six shelterin proteins TRF1, TRF2, RAP1, TIN2, POT1, and TPP1 not only protect telomeres, but also recruit and regulate telomerase activity (4) . Understanding the biological functions of these proteins is therefore critical to understanding telomere homeostasis and human diseases related to dysfunctional telomeres.
Studies using mouse embryonic fibroblasts (MEFs) and other culture systems showed that individual shelterin proteins have specific functions in suppressing the DNA damage response and in telomere regulation. POT1 binds the single-stranded telomeric overhang and prevents ataxia telangectasia and Rad3-related (ATR-related) kinase activation (5, 6) . POT1 binding requires TPP1, the protein product of the ACD gene (also named TPP1, PTOP, PIP1, and TINT1) (6) (7) (8) . In addition to being essential for POT1 recruitment, TPP1 recruits telomerase to the telomeric end and is required for telomere extension (9, 10) . TRF1 and TRF2 bind the double-stranded portion of the telomere (11) (12) (13) . TRF2 prevents ataxia telangectasia mutated (ATM) kinase from mistaking telomeric ends for sites of DNA breaks (5, 14) . TINF2 stabilizes TRF1 and TRF2 at the telomere and binds to TPP1, linking the single-stranded and double-stranded binding portions of shelterin (15, 16) . RAP1 interacts with TRF2 and prevents aberrant nonhomologous end joining from occurring at the telomere (17) (18) (19) . In mice, studies of the shelterin complex are complicated by the duplication of the Pot1 gene into Pot1a and Pot1b (20) . POT1A prevents ATR activation, while POT1B prevents excessive 5′ resection at the telomere and the consequent generation of excessive 3′ overhangs (20) . In humans, a single POT1 protein accomplishes both of these functions (21) . To obtain complete loss of POT1 function in mice, either Pot1a/b double-deficient mice must be used, or Acd must be inactivated. In embryonic fibroblasts, both Acd inactivation and Pot1a/b deletion caused rare telomeric fusion events and proliferative arrest, a phenotype that involved p53-driven expression of the cyclin-dependent kinase inhibitor p21 (6) (7) (8) 20) .
Although embryonic fibroblasts have been a useful tool in understanding the molecular functions of the shelterin complex in cell culture systems, the physiological role of shelterin components in vivo remains poorly understood, especially in tissues maintained by somatic stem cells. Recent studies demonstrated that when combined with telomerase haploinsufficiency, Pot1b deficiency resulted in a gradual decline in tissue homeostasis similar to that observed in late-generation telomerase-deficient mice (22) . These mice displayed skin hyperpigmentation and bone marrow failure reminiscent of those found in human patients with the telomere shortening syndrome dyskeratosis congenita (DKC). DKC has been linked to mutations in the telomerase component genes TERC and TERT, or in DKC1, encoding the telomerase accessory protein dyskerin (23) .
Recently, mutations affecting the shelterin gene TRF2 have been associated with aplastic anemia, and TINF2 mutations were identified in patients with a particularly aggressive form of DKC (24) (25) (26) (27) (28) (29) . As HSC loss leading to bone marrow failure is the most frequent cause of lethality in DKC, understanding the importance of telomerase and shelterin genes in hematopoiesis is relevant to human disease. Mice deficient for Acd due to homozygosity for a spontaneously arising hypomorphic acd allele demonstrate a pleiotrophic phenotype that includes adrenocortical dysplasia, caudal truncation, genitourinary abnormalities, skin hyperpigmentation, and substantial strain-dependent embryonic or perinatal lethality (30) . These data indicate the tissue-specific functions of TPP1. Furthermore, the skin hyperpigmentation phenotype observed in acd/acd mice bears a striking similarity to that observed in DKC patients and in the POT1B-deficient mouse model. Subsequent studies using complete loss of Acd in a skin-specific knockout model indicated that the hyperpigmentation phenotype resulted from functional defects in epidermal stem cells, suggesting a role for shelterin components in stem cell maintenance in this compartment (31) . In both the complete knockout and hypomorphic Acd models, defects were linked to telomere dysfunction, triggering p53-mediated apoptosis and proliferative arrest (31) (32) (33) .
To gain detailed insight into functions of the shelterin complex in hematopoiesis, we studied the impact of Acd deficiency on hematopoietic stem cells (HSCs). By targeting Acd, we focused on a central component of the shelterin complex that is essential for POT1A/B function and plays a role in telomerase recruitment. Our approach was designed to capture both the acute and long-lasting effects of Acd deficiency on HSCs and progenitor cells. We found that stem cell function was profoundly dependent on TPP1 in
Figure 1
Reduced Acd expression results in phenotypic abnormalities and G2/M arrest in fetal hematopoietic progenitors. (A) Structure of the hypomorphic acd allele, a mutant Acd allele arising from an intron 3 G→A transition and leading to aberrant splicing. acd homozygosity decreased the abundance of normal transcripts to approximately 2% of WT (33) . (B) Fetal liver cellularity in E13.5 mice homozygous for the acd hypomorphic allele. (C) GM-CFU analysis demonstrating preserved GM progenitor activity in E13.5 acd fetal liver (representative of three experiments with triplicate colony formation assays; mean ± SEM). (D) Preserved overall frequency of phenotypically defined long-term hematopoietic stem cells (LT-HSC), defined as CD150 + CD48 -Lin -Sca-1 hi cKit hi (LSK) cells (n ≥9 mice per group from five independent experiments; mean ± SEM). (E) Increased Sca-1 expression in acd LSK progenitors. acd LSK cells were also larger and more granular by forward (FSC-A) and side scatter (SSC-A) characteristics, respectively (n ≥9 mice per group from five independent experiments). Gray shading shows data from control littermates, and white shading represents acd progenitors. (F) Cell cycle analysis with BrdU incorporation (12-hour pulse) and intracellular DAPI (icDAPI) staining for DNA content in E13.5 acd Lin -cKit hi hematopoietic progenitors showing accumulation in G2/M phases of the cell cycle (n = 3 mice per group from three independent experiments; mean ± SD). Representative flow cytometry plots are shown. Numbers indicate the percentage of cells in each gate. *P < 0.05; **P < 0.01; ***P < 0.001. both fetal and adult hematopoiesis. In mice homozygous for the hypomorphic acd allele, hematopoietic stem and progenitor cells were generated and maintained during fetal life, but they acquired phenotypic abnormalities, evidence of G2/M arrest, and a complete inability to reconstitute irradiated recipients after transplantation, indicating defective function. In the complete absence of Acd, HSCs were rapidly depleted, and animals progressed to frank hematopoietic failure. This phenotype was cell autonomous and surprisingly acute, as a complete depletion of the hematopoietic stem and progenitor compartment was observed within 5 days after Acd inactivation. TPP1 loss led to a rapid induction of p53 target gene expression. However, p53 inactivation failed to rescue HSC depletion and function. These findings differed markedly from past observations of hematopoiesis in POT1B-deficient mice as well as of organ development in Acd-mutant mice and skin stem cell function in the absence of Acd, since all these phenotypes were largely rescued by p53 deficiency (31) (32) (33) (34) . Thus, our data identify an essential acute requirement for Acd in hematopoietic stem and progenitor cells that differs from its effects in other tissues and stem cell compartments.
Results

Acd deficiency results in cell cycle arrest and impaired function of fetal liver
HSCs. To assess the role of Acd in hematopoiesis, we first used mice that were homozygous for the spontaneously occurring hypomorphic acd allele (30) . This allele was originally described to cause adrenocortical dysplasia and was thus named acd (30) . It is characterized by a G to A transition within the third intron ( Figure 1A ), resulting in aberrant splicing and either a 7-bp insertion after exon 3 or inclusion of the third intron in the mRNA (30, 35) . Both outcomes cause premature termination of translation and a truncated protein lacking all functional domains. Homozygosity for acd decreases the expression of WT transcripts to approximately 2% of normal levels, consistent with a profoundly hypomorphic phenotype (35) . Analysis of the fetal livers from E13.5 acd-mutant mice revealed a mild decrease in fetal liver cellularity compared with that in the control littermates ( Figure 1B ). Of note, acd fetuses also had a reduction in body weight (not shown). When cell numbers were normalized in colony-forming assays measuring hematopoietic progenitor activity, no defect in the ability of acd fetal liver cells to form myeloid colonies was observed ( Figure 1C ). Flow cytometric analysis revealed that acd fetuses had a normal frequency of lineage -fetal liver cells and an increased frequency of lineage -Sca-1 + cKit hi (LSK) cells containing hematopoietic progenitors ( Figure 1D ). Furthermore, acd hypomorphism did not cause a significant defect in the overall frequency of CD150 + CD48 -LSK cells, the most rigorous phenotypic definition of long-term HSCs (refs. 36, 37, and Figure 1D ). Thus, HSC frequencies and myeloid progenitor activity were not compromised in acd animals. However, close analysis of the LSK progenitor compartment revealed that acd LSKs were larger, more granular, and expressed higher levels of Sca-1, suggesting an activated phenotype ( Figure 1E ). Cell cycle analysis demonstrated an accumulation of acd progenitors at the G2/M phases of the cell cycle ( Figure 1F ). This phenotype was reminiscent of the G2/M arrest reported in Acd-deficient embryonic fibroblasts and epidermal progenitor cells (8, 31) .
Although colony formation assays measure progenitor function, they do not evaluate HSC self-renewal. To study the function of acd fetal HSCs, we performed competitive transplantation assays in lethally irradiated recipients and monitored long-term reconstitution (Figure 2A ). We observed profound defects in trilineage reconstitution from acd fetal progenitors as early as 4 weeks after transplantation that persisted for the duration of the experiment ( Figure 2B ). When the LSK compartment was examined at the termination of the experiment, no contribution of acd cells could be detected ( Figure 2C ). These findings demonstrate that, despite preserved hematopoietic progenitor frequencies and myeloid progenitor activity, acd HSCs had severe functional impairment already fully apparent after primary transplantation.
Acd inactivation leads to acute depletion of adult hematopoietic stem and progenitor cells. Analysis of the acd hypomorphic phenotype revealed profound HSC functional defects, but nonhematopoietic developmental abnormalities in acd fetuses could have contributed to these defects through non-cell-autonomous mechanisms. Furthermore, analysis of a hypomorphic phenotype may underestimate the full impact of Acd deficiency, given the presence of residual WT transcripts at low levels. To bypass these limitations, we studied complete Acd inactivation in adult hematopoietic tissues using a conditional Acd fl allele that we previously described to induce complete loss of function, including removal of POT1A/B from telomeres (ref. 8 and Figure 3A ). This strategy facilitated robust, temporally controlled Acd excision and thus allowed us to study the acute effects of TPP1 loss in hematopoietic tissues. We induced Acd fl inactivation using poly(I:C) injections to activate the IFN-responsive Mx-Cre transgene (ref. 38 and Figure 3 , A and B). Within 48 hours of a single injection, we achieved at least 80% excision of the floxed Acd allele ( Figure 3C ). Within 5 days, the hematopoietic progenitor compartment in Acd fl/-animals became severely depleted, and we could already detect a reduction in total bone marrow cellularity ( Figure 3D ). These data indicate that hematopoietic tissues are acutely sensitive to Acd inactivation and that this sensitivity can be traced back to a rapidly failing hematopoietic progenitor compartment.
The type I IFN response resulting from poly(I:C) administration was shown to drive quiescent HSCs into the cell cycle, which could enhance the impact of TPP1 loss in hematopoietic progenitors (39) . To avoid this problem, we bred CreERT2 × Acd fl/-mice and inactivated Acd with tamoxifen (ref. 40 and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI67871DS1). We observed decreased c-Kit expression on day 3 and the near-disappearance of LSK progenitors on day 5 after starting tamoxifen in the CreERT2 × Acd fl/-mice. These findings indicate that primitive hematopoietic progenitors are acutely sensitive to TPP1 loss, even in the absence of an IFN response. 
Cell-autonomous mechanisms underlie the requirement for Acd in hematopoiesis.
Although Mx-Cre is primarily expressed in the bone marrow, activity can also be detected in other organs such as liver, kidney, and skin. Thus, non-cell-autonomous mechanisms could still contribute to hematopoietic defects in Mx-Cre + × Acd fl/-mice. To exclude this possibility, we generated bone marrow chimeras and studied Acd-deficient hematopoiesis in a WT environment. Lethally irradiated B6-CD45.1 mice were transplanted with Mx-Cre + × Acd fl/-or control Mx-Cre + × Acd +/-bone marrow, allowing 6 weeks for full hematopoietic reconstitution before poly(I:C) injection ( Figure 4A ). To examine the effects of Acd inactivation on overall hematopoiesis, we monitored peripheral blood counts of transplant recipients for 20 weeks following poly(I:C) injection ( Figure 4B ). We found that TPP1 loss led to significant reductions in peripheral blood platelets, lymphocytes, and neutrophils between weeks 1 and 4 after poly(I:C) injection. Our subsequent analysis showed a recovery of peripheral blood counts by approximately 6 weeks. By week 20, bone marrow cellularity and LT-HSC numbers in Mx-Cre + × Acd fl/-recipients had recovered to numbers similar to those in control bone marrow chimeras ( Figure 4C ). To identify the source of this reconstitution, we plated bone marrow in methylcellulose cultures, and individual colonies were harvested for clonal evaluation of Acd inactivation. All Mx-Cre + × Acd fl/-colonies analyzed (28 of 28) retained the floxed allele, demonstrating that reconstitution had occurred exclusively from cells escaping Cre-mediated gene deletion ( Figure 4D ).
In view of the strong selection pressure favoring cells that preserved an undeleted Acd allele, we generated competitive bone marrow chimeras in which CD45.2 + Mx-Cre + × Acd fl/-bone marrow could be studied in the presence of CD45.1 + WT competitors ( Figure 5A ). This strategy decreased the selection pressure favoring rare Mx-Cre + × Acd fl/-progenitors escaping Acd inactivation, as hematopoiesis was maintained by CD45.1 + competitors throughout the experiment. Bone marrow chimeras were given 6 weeks to facilitate the recovery of baseline hematopoiesis prior to Acd deletion. This strategy allowed us to study the effects of Acd deficiency on hematopoiesis after homing and engraftment had already occurred. Within 4 weeks of poly(I:C) administration, no contribution from the Acd-deficient CD45.2 + graft could be detected among blood myeloid cells, a population with rapid turnover ( Figure 5B ). We found that peripheral blood B and T cells arising from the Acd-deficient graft also became progressively depleted ( Figure 5C ). This trilineage defect suggested the failure of multipotent stem and progenitor cells. Indeed, we were unable to detect any residual Acd-deficient HSCs at the termination of the experiment ( Figure 5D ). Acd +/-progenitors used in the control group competed well with an equivalent dose of B6-CD45.1 competitors, indicating the absence of a major hematopoietic defect after heterozygous Acd inactivation. Consistent with these findings, Acd +/-mice had normal frequencies of LSK progenitors and phenotypically defined LT-HSCs (Supplemental Figure 2 ). Together, these data demonstrate that Acd is cell-autonomously required by HSCs, with strong selective pressure for rare progenitors that maintain a functional Acd gene to support hematopoietic recovery.
Acd inactivation in fetal liver hematopoietic stem and progenitor cells results in hematopoietic failure and death.
Fetal and adult HSCs have numerous differences in gene expression programs, cytokine responsiveness, and cell cycle activity. Thus, it was possible that adult and fetal HSCs had different sensitivities to complete Acd inactivation. To address this question, we bred Acd fl/fl mice with Vav-Cre transgenic mice ( Figure 6A ). Previous studies have demonstrated that Vav-Cre is expressed specifically in fetal hematopoietic cells starting at approximately E10.5, leading to near-complete excision of target loci by day E14.5 (41, 42) . No Vav-Cre + × Acd fl/fl mice were born, while other genotypes were present at expected Mendelian frequencies (Table 1) . At E14.5, live Vav-Cre + × Acd fl/fl fetuses were present, but these mice had pale fetal livers and vasculature, suggesting defective hematopoiesis (Table 2 and Figure 6B ). Flow cytometric analysis revealed that fetuses with hematopoietic-specific Acd inactivation had few, if any, residual hematopoietic LSK progenitors in the liver at E14.5 ( Figure 6C ). These data demonstrate that maintenance of both fetal and adult HSCs is acutely dependent on Acd.
Acd deficiency results in acute p53 activation, but p53-independent cell cycle arrest, in hematopoietic progenitors. To determine whether p53 activation occurs in hematopoietic progenitors following Acd inactivation, we assessed the expression of the p53 target genes Puma, Noxa, and p21 within days after the induction of Cre recombinase, but before hematopoietic progenitors were lost ( Figure 7A ). Acd deletion resulted in the upregulation of Noxa and p21 ( Figure 7B ), but not Puma (not shown), within 48 hours of poly(I:C) treatment. This effect was p53 dependent, as LSK progenitors from mice deficient for both Acd and p53 did not demonstrate upregulated expression of p21 or Noxa. Consistent with these observations, we detected the accumulation of p53 protein in cultured CreERT2 × Acd fl/-bone marrow progenitors exposed to 4-hydroxy-tamoxifen (not shown). Next, we assessed the cell cycle status of LSK progenitors shortly after Acd inactivation in the presence or absence of p53 ( Figure 7, C and D) . Upon TPP1 loss, we observed an accumulation of hematopoietic progenitors in the G2/M phases of the cell cycle, consistent with the presence of G2/M arrest. Interestingly, we observed this cell cycle arrest even in the absence of p53. These data indicate that while p53 activation occurs acutely following Acd deletion, it is not required for G2/M arrest.
Acd deficiency results in chromosomal fusions at telomeres in the absence of detectable telomere shortening. TPP1-deficient embryonic fibroblasts display an increased rate of rare chromosomal fusion events involving telomeres. To evaluate whether this occurred in hematopoietic tissues, we prepared metaphase spreads from control or Mx-Cre + × Acd fl/-bone marrow cells within 48 hours after poly(I:C) treatment ( Figure 8A ). This strategy ensured that dividing hematopoietic progenitors could be examined acutely after Acd inactivation, while their numbers were still preserved. Efficient Cre-mediated excision was detected ( Figure 8B ). Quantitative PCR (qPCR) showed that the amount of telomere signal was largely preserved at this stage in Mx-Cre + × Acd fl/-bone marrow, consistent with the absence of major telomere shortening within days of TPP1 loss ( Figure 8C ). In contrast, FISH analysis revealed an increased frequency of metaphases in which we detected chromosomal fusions with a shared telomeric signal ( Figure 8D and Table 3 ). These findings are consistent with TPP1 loss driving the fusion of deprotected telomeric ends in dividing hematopoietic progenitors.
p53 inactivation does not rescue the function and maintenance of Acd-deficient HSCs. Previous studies demonstrated that p53 inactivation rescued many features of abnormal development in hypomorphic acd mice (32, 33) . Furthermore, p53 deficiency restored epidermal stem cell function following Acd inactivation (31). To investigate whether p53 inactivation could rescue HSC func- Figure 9B ). Additionally, CD45.2 + Acd-deficient T and B cells were progressively lost, irrespective of p53. Sixteen weeks after poly(I:C), flow cytometric analysis of long-term HSCs demonstrated that Acd-deficient HSCs were completely depleted, even in the presence of p53 inactivation ( Figure 9C ). In fact, our analysis of the bone marrow revealed that the numbers of Acd-deficient HSCs were already profoundly reduced within 1 week of Acd inactivation, regardless of p53 status (Supplemental Figure 3) . Altogether, p53 activation occurred acutely after loss of TPP1 in hematopoietic progenitors. However, unlike in epidermal stem cells and other cellular compartments, the maintenance and function of Acd-deficient HSCs could not be rescued by p53 inactivation.
Acd-deficient hematopoietic progenitors undergo p53-independent caspase-3/7 activation and show evidence of aneuploidy.
Since Acd deficiency resulted in acute depletion of hematopoietic stem and progenitor cells, we explored cell death as a potential mechanism contributing to this phenotype. To examine apoptosis, we determined the abundance of activated caspases 3 and 7 that execute this form of cell death, a reliable assay to detect apoptosis in hematopoietic cells (43) . We found significant caspase-3/7 activation in both p53 +/+ and p53 -/-bone marrow cells within 48 hours of Acd inactivation ( Figure 10, A and B) . To assess whether necrosis also contributed to acute depletion, we measured HMGB1 levels in the serum of the same animals used for the apoptosis assay. HMGB1 is a nuclear protein released by cells during necrosis but not apoptosis (44) . ELISA analysis revealed no difference in HMGB1 levels between the sera of WT and Acd-deficient mice ( Figure 10C ). Together, these data suggest that hematopoietic cell depletion arose from apoptosis and not necrosis following acute Acd inactivation, but this occurred independently of p53 activation.
To further explore the mechanisms leading to caspase-3/7 activation, we assessed mitochondrial mass and potential in Acd-deficient progenitors. Previous reports have identified that shelterin dysfunction and telomere instability can induce mitochondrial compromise (45, 46) . Flow cytometry showed a trend toward increased mitochondrial mass in Acd-deficient LSK progenitors ( Figure 10D ). This type of mitochondrial accumulation is consistent with cell cycle arrest, as described in Figure 7 . We next examined mitochondrial membrane potential as a read-out for mitochondrial function, an analysis that revealed increased mitochondrial No difference was detected between the observed genotypes and those predicted by Mendelian ratios (P = 0.19). membrane potential following Acd inactivation ( Figure 10E ). These data are consistent with the accumulation of normally functioning mitochondria. Together, these findings suggest that Acd inactivation did not cause acute mitochondrial damage and that p53-independent caspase-3/7 activation did not occur via the intrinsic mitochondrial pathway of apoptosis.
Genomic instability can result in an abnormal progression through mitosis and the generation of aneuploid cells. Broad, sustained genomic instability can result in mitotic catastrophe through caspase activation and robust apoptosis via p53-dependent and p53-independent mechanisms (47, 48) . We considered this possibility in Acd-deficient hematopoietic stem and progenitor cells, as previous reports in MEFs demonstrated that Acd inactivation resulted in the accumulation of aneuploid cells, a hallmark of abnormal mitosis (8) . We examined DNA content in p53 +/+ and p53 -/-LSK progenitors within 48 hours of Acd inactivation and observed a significant increase in cells with greater than 4 N DNA content after acute Acd inactivation, regardless of p53 status ( Figure 10F ). This finding suggested that progression to mitotic catastrophe in Acd-deficient hematopoietic progenitor cells could contribute to HSC loss (47, 48) . In addition, the extrinsic pathway could have contributed to caspase-3/7 activation independently of p53 and mitochondrial dysfunction (49) (50) (51) . Altogether, Acd deletion was sufficient to trigger p53 activation, but p53 was not required to induce massive cell death and severe hematopoietic failure.
Discussion
Our findings demonstrate that HSCs are highly sensitive to shelterin deprotection initiated by Acd inactivation. Complete inactivation of the Acd gene induced a surprisingly acute depletion of the fetal or adult blood-forming stem cell compartments, leading to rapid hematopoietic failure before telomere shortening could be detected. Although TPP1 and the shelterin complex play dual functions in recruiting telomerase and shielding telomeric ends from an uncontrolled DNA damage response, our observations indicate that the overall effects of shelterin dysfunction in hematopoietic progenitors are dominated by acute telomere deprotection. TPP1-deficient HSCs rapidly upregulated p53 target gene transcription and had evidence of cell cycle arrest and chromosomal instability. Surprisingly, however, the maintenance of TPP1-deficient stem cells was not rescued by p53 inactivation, and these cells showed p53-independent activation of caspase-3/7. These findings contrast with the major effects of TPP1 loss on epidermal stem cell homeostasis and fetal skeletal development, which are rescued in the absence of p53 (31) (32) (33) . Even without complete loss of TPP1, as modeled by homozygosity for the hypomorphic acd allele, HSC function was severely impaired. This demonstrates that blood-forming stem cells are very sensitive to defects in telomere protection as compared with other tissues.
Telomere deprotection has been shown to trigger a p53/p21-dependent cell cycle arrest (52) . Similarly, p53 activation contributes to cellular senescence in response to critical telomere shortening (53) (54) (55) . These findings, combined with data demonstrating that p53 inactivation rescued epidermal stem cell defects owed to Acd inactivation, led us to investigate the role of p53 in bone marrow failure in the setting of Acd deficiency (31) . Surprisingly, we found that while Acd inactivation resulted in increased transcription of p53 targets, indicating p53 activation, p53 deficiency did not rescue any component of the hematopoietic stem and progenitor cell defects that we tested. Instead, we observed p53-independent activation of the executioner caspases 3 and 7, with no evidence of necrotic cell death. Because caspase activation occurred without mitochondrial depolarization, our findings suggest the activation of the extrinsic pathway of apoptosis or an alternative pathway related to defective mitosis and aneuploidy, both of which can be p53 independent (47) (48) (49) (50) (51) . Altogether, these data indicate that p53 activation is not the predominant underlying cause of HSC functional defects or bone marrow failure following Acd deletion and suggest that different stem cell compartments such as HSCs and skin stem cells may respond very differently to shelterin dysfunction. HSCs, but not epidermal progenitors, were sensitive to a p53-independent form of apoptosis after Acd inactivation, which could indicate either differential induction of or differential sensitivity to this p53-independent pathway. Altogether, our observations highlight the fact that model systems (e.g., fibroblast cultures) cannot fully predict the biological roles of individual shelterin components in vivo and that direct comparisons of different tissues are essential.
Telomere dysfunction has been hypothesized to play a role in multiple contexts including organ failure, aging, and cancer. DKC is the prototypical human disorder most directly associated with defects in telomere homeostasis and is a hereditary syndrome characterized by progressive telomere shortening. Although bone marrow failure is the most significant organ dysfunction and the leading cause of death in DKC, affected patients can also develop abnormalities in the skin, mucosal tissues, biliary tract, and lungs, suggesting that multiple somatic stem cell compartments are affected. In mice with reduced expression of mutations in aplastic anemia and TINF2 mutations in a severe form of DKC that exhibited exceptionally short telomeres and early onset (24) (25) (26) (27) (28) (29) . The acute nature of this form of DKC might be due to the fact that TINF2 mutations, like our Acd inactivation model, result in rapid telomere deprotection and destabilization, rather than the erosion observed in the Pot1b mouse model and in DKC patients with TERC or TERT mutations. In fact, data from MEFs indicate that the critical function of TIN2 is to stabilize the TPP1-POT1A/B complex at telomeres (16) . The progression toward stem cell loss may thus be markedly accelerated in the presence of shelterin mutations.
It is estimated that up to 30% of DKC cases do not have a known underlying genetic defect (57, 58) . Thus, it is interesting to speculate whether new shelterin gene mutations might Terc or Tert genes, progression to stem cell loss typically occurs only after telomere attrition accumulates through several successive mouse generations due to the fact that the mice have substantially longer telomeres than humans (3). With respect to shelterin components, a mouse syndrome reminiscent of DKC was first reported using combined Pot1b deficiency and Terc haploinsufficiency (22, 34, 56) . In this model, a relatively mild DNA damage response and gradual telomere shortening were identified as drivers of hematopoietic failure as well as of gradual homeostatic dysfunction in rapidly proliferating tissues. However, the significance of this model for human disease is limited because POT1b is a mouse-specific shelterin component (20, 21) . Interestingly, shelterin dysfunction has recently been linked to human bone marrow failure, with the identification of TRF2 While it remains to be determined whether Acd mutations contribute to human bone marrow failure and DKC, mouse models of telomere deprotection through Acd mutation or deletion suggest this possibility. Furthermore, the hyperacute nature of hematopoietic defects following TPP1 loss provides a practical approach that could shed light on consequences of telomere crisis in other models of bone marrow failure. It is widely assumed that shortened telomeres induce a cellular crisis when their length becomes inadequate for the recruitment of an efficient shelterin buffer, unleashing a DNA damage response that can cause cell cycle arrest, apoptosis, or genetic instability. However, it is virtually impossible to study this pathogenic process directly in somatic stem cells of mice and patients, as telomere shortening occurs progressively and asynchronously in different stem cells over years in patients and over several generations in mouse DKC models. Furthermore, relevant stem cell populations are by definition profoundly depleted by the time of diagnosis in patients with bone marrow failure. In contrast, our study provides a well-defined acute window of observation on a cohort of hematopoietic progenitors that simultaneously and acutely undergoes telomere deprotection. Thus, our study presents new insights into early hematopoietic defects that may predate bone marrow failure in DKC patients and could be beneficial in developing a more complete understanding of the natural progression of human bone marrow failure syndromes.
Methods
Mice. C57BL/6 (B6, CD45.2 + ) mice were obtained from Harlan, and C57BL/6.Ptprca (B6-SJL, CD45.1 + ) mice were obtained from the National Cancer Institute. acd hypomorphic mutant mice and mice carrying a floxed conditional Acd allele (Acd fl ) have been described (8, 30) . Acd fl/+ mice were crossed with mice carrying a null Acd allele (Acd -) and Mx-Cre (38) , Vav-Cre transgenic (62), or Cre-ERT2 lentitransgenic mice (40) . When indicated, mice were crossed onto a p53 -/-background (63). To fully inactivate Acd, Cre-expressing Acd fl/-mice were used. Mx-Cre activation was initially achieved via five i.p. injections of 200 μg poly(I:C) (EMD Millipore). To better capture acute changes induced by Acd loss in hematopoietic stem and progenitor cells, we used a single 20-μg dose of highly purified poly(I:C) (GE Healthcare). This allowed the detection of hematopoietic progenitors soon after administration, with minimal effects on their phenotypic profile from the poly(I:C)-mediated interferon response. Cre-ERT2 activation was achieved by two to three i.p. injections of tamoxifen in corn oil (1 mg/dose; Sigma-Aldrich).
Flow cytometry. Fetal liver and bone marrow specimens were harvested, and single-cell suspensions were prepared. Red blood cells were lysed with ACK lysis buffer (Cambrex) and counted with a hemacytometer or a Nexcelom Auto T4 Cellometer (Nexcelom). The following antibodies were from BioLegend, eBiosciences, or BD Biosciences: anti-CD3, CD4, CD8, CD11b, CD11c, CD19, CD48, CD150, GR1/Ly-6G, B220, NK1.1, TCRβ, TCRγδ, cKit, and Sca-1. We used the following antibody cocktail to exclude Lineage + cells: anti-CD11b, GR1, CD11c, B220, CD19, CD3, TCRβ, TCRγδ, CD8, NK1.1, and TER119. BrdU analysis was performed using a BrdU-labeling kit (BD Biosciences). DilC1(5) and MitoTracker Green staining was performed using reagents from Invitrogen according to the manufacturer's protocols. For DNA content and aneuploidy analysis, cells were stained with the appropriate cell surface antibodies, fixed, and permeabilized according to the protocol provided for BrdU labeling (BD) and stained overnight with 0.1 mg/ml 4′6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Analysis was performed on a FACSCanto flow cytometer and sorting on a FACSAria II/III cell sorter (BD Biosciences). Dead cells were excluded with DAPI. Files were analyzed using FlowJo software (TreeStar Inc.). be discovered in human DKC. Based on our results, we predict that complete loss of shelterin function would not be compatible with life, as evidenced, for example, by in utero death upon complete loss of Acd in fetal hematopoiesis. However, it is possible that relevant mutations decrease rather than abolish Acd expression. In mice, the hypomorphic acd splice variant was identified as a spontaneous mutation compatible with survival, but leading to a developmental syndrome with features of DKC, including profound HSC dysfunction. These observations suggest that mutations in gene regulatory regions or introns resulting in impaired gene expression should be considered when probing uncharacterized DKC cases. Furthermore, recent studies have identified a direct interaction between TERT and TPP1 that is critical for telomerase localization and processivity (59, 60) . It is possible that specific mutations affecting this interaction could affect the ability of TPP1 to recruit telomerase without disrupting its function in preventing an uncontrolled DNA damage response, leading to a DKC-like phenotype. It has also been suggested that drugs targeting the TPP1-TERT interface could be used as anticancer agents to block telomere elongation in cancer cells; our observations indicate that it will be essential to ensure that these drugs do not interfere with other functions of TPP1 in order to avoid deleterious effects on the bone marrow. Finally, shelterin mutations may have to be considered in a broader range of human syndromes including those in patients with early-onset organ failure (as with TINF2 mutations) and with developmental disorders not previously associated with shelterin dysfunction.
A recent report has linked inactivation of the Trf1 shelterin gene to an acute form of bone marrow failure in mice (61) . These findings may be relevant to human disease, as TINF2 mutations in early-onset DKC cluster in a region encoding a TRF1-binding site. Interestingly, Trf1 inactivation led to rapid loss of hematopoietic progenitors and bone marrow failure, initially without detectable telomere shortening. When residual bone marrow cells were studied within 1 to 3 weeks after the induction of Cre recombinase, increased compensatory proliferation was apparent, leading eventually to telomere shortening and p21 activation. These findings were proposed to underlie the pathogenic effects of shelterin mutations in human DKC through telomere deprotection, leading to rapid HSC loss. Our observations in Acd-deficient mice share key features with this report, including profound HSC depletion independent of telomere shortening. However, near-complete HSC depletion was apparent in our study already within 5 days after Acd inactivation, with a detectable DNA damage response and cell cycle arrest within 48 hours. To capture the direct cellular and molecular consequences of shelterin deprotection, we focused on very early time points before affected HSCs are depleted. This strategy identified increased telomeric fusion events and cell cycle arrest within 3 days of Acd inactivation. In contrast, Blasco and collaborators had to delay analysis or decrease the efficiency of target gene inactivation to preserve enough progenitors for study, which may have led to a strong selection for cells that escape Cre-mediated excision. In this situation, findings would focus on rare HSCs escaping inactivation and with functional shelterin that undergo major replicative stress, rather than on direct effects of shelterin deprotection. It is possible that these considerations may account for differences in our observations on Acd deficiency and those reported on the effects of Trf1 inactivation. 0.2 μg/ml for 3 to 4 hours at 37 o C. Metaphase spreads were then prepared as described (66) . Samples were stained with a PNA-TelG-FITC probe (Bio Synthesis) and DAPI. Metaphases were analyzed and images acquired using a Nikon E800 microscope equipped with an Olympus DP-71 digital camera. Images were scored in a blinded fashion.
GM-CFU and single-colony PCR. Twenty thousand bone marrow cells were plated per milliliter of Methocult GF M3534 (STEMCELL Technologies). Colonies were scored 7-10 days later. Individual colonies were removed as a plug with methylcellulose and washed in PBS before DNA extraction in 100 μl lysis buffer (Viagen Biotech) with 1 μl proteinase K. Samples were incubated overnight, and proteinase K was inactivated at 85°C for 1 hour. Colony DNA was then genotyped as described (8) .
Statistics. Comparison of two means was performed with a 2-tailed unpaired Student t test. Analysis of greater than two means was performed with ANOVA followed by Bonferroni's post-test analysis. Comparisons of observed genotypes with those predicted by Mendelian ratios were performed with χ 2 analysis. P < 0.05 was used as a threshold for statistical significance.
Study approval. All experiments in animals were approved by the University Committee on Use and Care of Animals (UCUCA) of the University of Michigan.
Bone marrow and fetal liver cell transplantation. Six-to 8-week-old B6-CD45.1 + recipient mice were lethally irradiated (9 Gy, 37 Cs source). Four hours later, mice were transplanted with the indicated bone marrow or fetal liver cells via tail-vein injection. For competitive transplantation, we mixed equal numbers of competitor B6-CD45.1 bone marrow and tester B6-CD45.2 + bone marrow or fetal liver cells.
Complete blood counts. Blood was obtained through retro-orbital bleeding and transferred to EDTA-treated tubes. Complete blood counts were analyzed on the Advia 120 Hematology System (Siemens).
Quantitative real-time PCR. For gene expression analyses, greater than 5,000 Lin -Sca-1 hi cKit hi (LSK) progenitors were sort purified directly into TRIzol (Invitrogen). After RNA extraction, cDNA was generated using the SuperScript III Synthesis Kit (Invitrogen). Relative gene expression was measured using TaqMan (Applied Biosystems) primer and probe sets. Reactions were carried out on a Mastercycler realplex system (Eppendorf). Relative expression was calculated after normalization with Hprt1 expression using the ΔΔCT method. For quantification of target gene excision, 10,000 LSK progenitors were sort purified into Direct Lysis Buffer (Viagen Biotech) with 1 μl proteinase K. Samples were incubated overnight, and proteinase K was inactivated at 85°C for 1 hour. To assess excision, we used a primer pair specific for the floxed Acd exon 7 (F: CTAACCCTGTCCCAGCTTCT; R: TACAAGGACCTTTCAGCACC) and an exon 2-specific primer pair (F: TACTCCAGGACTCGGAGACT; R: TCTGACACAAGTAACACGGC), amplifying a sequence outside the floxed region. Amplification was performed with SYBR Green (Thermo Fisher Scientific) before quantification of the exon 7/exon 2 signal on a Mastercycler realplex (ΔΔCT method). For measurement of telomere length, DNA was extracted with Direct Lysis buffer (Viagen Biotech). Primers specific for telomeric DNA (F: CGGTTT GTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT; R: GGCTTGCCT-TACCCTTACCCTTACCCTTACCCTTACCCT) and the reference gene m36b4 (F: ACTGGTCTAGGACCCGAGAAG; R: TCAATGGTGCCTCTG-GAGATT) were used with SYBR Green amplification on a Mastercycler realplex system, as previously described (64, 65) . The abundance of telomeric DNA normalized to m36b4 signal was calculated using the ΔΔCT method.
Apoptosis and necrosis assays. For caspase-3/7 activation, 10 4 bone marrow cells were suspended in 50 μl DMEM plus 4% FBS and mixed with 50 μl resuspended Caspase-Glo 3/7 buffer (Promega). Triplicate samples were incubated for 30 minutes in the dark and analyzed with an Enspire 2300 Multilabel reader (PerkinElmer). For HMGB1, serum was collected and frozen at -80°C until analysis. Triplicate samples were then subjected to ELISA with an HMGB1 ELISA kit according to the manufacturer's protocol (IBL International). The reading was performed using a Spectramax M3 (Molecular Devices).
Metaphase preparation and analysis. Bone marrow cells were cultured for 12 hours in S-clone SF-O3 medium (Iwai North America) with IL-3 (9 ng/ml), IL-6 (5 ng/ml), and stem cell factor (100 ng/ml) (Peprotech) at 5% CO2 and 37°C. KaryoMAX Colcemid (Invitrogen) was added at
